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Abstract: Quagga mussels (Dreissena rostriformis bugensis) are highly fecund broadcast spawners invasive to freshwaters of North America and western Europe. We hypothesized that environmental cues from phytoplankton can
trigger gamete release in quagga mussels. Nutritious algae may stimulate dreissenid spawning, but less palatable
food, such as bloom-forming cyanobacteria, could be a hindrance. The objective of our study was to test whether
exposure to cyanobacteria can inhibit quagga mussel spawning and fertilization. We assessed spawning in the presence of serotonin, a known spawning inducer, where adult quagga mussels placed in individual vials were exposed
to 13 cyanobacteria cultures and puriﬁed algal toxin (microcystin-LR) with artiﬁcial lake water as the control. Fertilization success was evaluated by combining eggs with sperm in conjunction with cyanobacteria, and enumerating
zygote formation marked by cellular cleavage. Several cyanobacterial strains reduced spawning and fertilization success, but microcystin-LR had no effect. Fertilization was more sensitive to cyanobacteria than gamete release. Only
1 culture, Aphanizomenon ﬂos-aquae, inhibited spawning, whereas 6 cultures consisting of Anabaena ﬂos-aquae,
Dolichospermum lemmermanii, Gloeotrichia echinulata, Lyngbya wollei, and 2 Microcystis aeruginosa isolates reduced fertilization rates by up to 44%. The effects of cyanobacteria on reproduction in invasive freshwater mussels
in the wild have not yet been identiﬁed. However, our laboratory studies show that concentrations of cyanobacteria
that are possible during bloom conditions probably limit reproduction. Reproductive consequences on wild populations may become more prevalent as cyanobacteria blooms occur earlier in the year, making overlap between blooms
and mussel spawning more common. Describing the mechanism by which cyanobacteria inhibit spawning and fertilization could reveal novel control methods to limit reproduction of this invasive species.
Key words: reproduction, invasive species, Microcystis, Aphanizomenon, harmful algal blooms

Quagga (Dreissena rostriformis bugensis) and zebra (Dreissena polymorpha) mussels originate from the Ponto–
Caspian region and are highly invasive in North American
and European freshwaters, in part, because of their reproductive vigor (Ram et al. 2012). Reproductive success inﬂuences the spread and establishment of invasive species and
can be directly and indirectly controlled by food availability
(Wacker and von Elert 2003). Dreissenid spawning spans
from April to September when water temperatures are >107C
for quagga mussels and 127C for zebra mussels (Ram et al.
1993, 2011). Similar to marine mussels, dreissenids are broadcast spawners. Males and females simultaneously release gametes into the water column where external fertilization occurs, resulting in free-swimming, planktonic larvae (Quinn

and Ackerman 2012). A single, sexually mature female zebra
mussel can release more than 1  106 eggs in a single spawning event, whereas males can release up to 1  109 sperm
(Sprung 1991). Furthermore, zebra mussels can spawn multiple times per season (Ram et al. 1996), allowing great potential for dreissenid populations to increase in number and distribution. Quagga mussels continue to invade North America,
displacing existing invasive zebra mussels and native unionid
mussels (Ram et al. 2012), so understanding their reproductive
behavior could inform population models and lead to the
development of control tactics that disrupt reproduction.
In marine systems, cases have been documented in which
invertebrate reproduction was inﬂuenced by algae. For example, Miyazaki (1938) and Himmelman (1975) found that
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marine algae can induce spawning in some oysters and invertebrates, whereas Starr et al. (1990) noted a similar phenomenon in marine mussels and urchins. This response is
a possible adaptation to ensure that developing larvae have
plentiful food (Kashian and Ram 2014). Similar studies do
not exist in the freshwater literature. Only 1 observational
study documenting an increase in dreissenid gamete and veliger abundance following a green algae bloom (Kashian and
Ram 2014) suggested that phytoplankton might inﬂuence
broadcast spawners in freshwater systems. Dreissenid mussels have a reproductive strategy similar to that of marine invertebrates whose spawning is inﬂuenced by phytoplankton
(Starr et al. 1990, Sprung 1991), and thus, we hypothesize
that phytoplankton kairomones might inﬂuence gamete release in dreissenids. By extension, if palatable algae can induce spawning in some bivalves, then less palatable cyanobacteria might inhibit spawning.
Cyanobacteria is an unpalatable food source that can
produce toxins and may inhibit dreissenid reproduction
through the production of kairomones or other means. Dreissenid mussel populations can survive cyanobacteria blooms,
but they may experience sublethal stress that affects condition and egg mass. Dreissenids can actively detect and reject cyanobacteria, such as Microcystis aeruginosa, suggesting that cyanobacteria are not a preferred food source, and
overall mussel condition decreases with increasing cyanobacterial concentration (Vanderploeg et al. 2001, 2009, Tang
et al. 2014). In addition, Wacker and von Elert (2003) found
that female dreissenids had lower egg mass when exposed to
cyanobacteria, which are low in fatty acids, compared to
more nutritious algae. Dionisio Pires et al. (2003) found that
toxic cyanobacteria affected survival and clearance rates in
dreissenid veligers more than a nontoxic strain of similar fatty
acid composition. These studies suggest that cyanobacteria
are a poor food source and may be detrimental to dreissenid
reproduction, but we were unable to identify any literature
connecting cyanobacteria blooms with declines in dreissenid
mussel population.
Our objective was to determine whether cyanobacteria
or an associated toxin inhibit spawning intensity and fertilization success of quagga mussels. Understanding the environmental triggers of quagga mussel reproduction will
provide a better understanding of their population ecology
and identify possible targets for population control. We
hypothesized that cyanobacteria would inhibit dreissenid
reproduction. Speciﬁcally, we predicted that cyanobacteria
exposure would reduce gamete release and fertilization
success of quagga mussels.
M E T HO DS
Quagga mussel collection and culture
For all experiments, we collected mature adult quagga
mussels during their spawning season from the Detroit
River, Michigan, USA, from March to September 2014–
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2016. Mussels measuring between 15 and 35 mm were
stored in multiple 20-L aquaria ﬁlled with dechlorinated
tap water and kept in an environmental chamber at 18 ±
17C with a 16:8 h light:dark cycle. Approximately 100 to
150 mussels were kept in each aerated aquarium, which
were cleaned and reﬁlled with fresh water weekly. To ensure that mussels were sexually mature for reproduction
experiments, a subset of 10 to 25 mussels from each collection was tested for spawning with a known spawning inducer, 1023M 5-HT serotonin, according to methods published by Ram et al. (1993). If >50% of the subset spawned,
then that collection was deemed suitable for experimentation. In addition, for each collection, the remainder of the
mussels not immediately used for experimentation or spawning assessment were stored in a dark, cold room (57C) to
slow metabolism while maintaining reproductive viability
until needed for future experiments (Stoeckel et al. 2004).
Mussels were acclimated for ≥48 h in an 18 ± 17C environmental chamber before use in experiments. Three times per
week, mussels were fed 4.0  106 cells/mL of a cultured
green alga, Ankistrodesmus falcatus, which is commonly used
to sustain laboratory conditioned quagga mussels (Sarnelle
et al. 2012). We determined through experimental assays
that A. falcatus does not affect spawning (p 5 0.408) or fertilization (p 5 0.082; where fertilization was higher in A.
falcatus solution) in quagga mussels.
Cyanobacteria and microcystin preparation
In a series of bioassays, we evaluated 13 cyanobacteria
isolates (Table 1) cultured in WC media (Guillard and
Lorenzen 1972) and the puriﬁed toxin microcystin-LR, a
common toxin produced by cyanobacteria, for their effects
on mussel reproduction. We tested cyanobacteria at concentrations between 88 and 544 lg/L chlorophyll a (Chl
a), which is within the concentrations reported for dense
algal blooms worldwide (Yuan et al. 2014, Golnick et al.
2016, Sayers et al. 2016, Duan et al. 2017). Testing the isolated toxin allowed us to determine whether any observed
effects on reproduction were caused by factors or toxins
other than microcystin-LR.
We kept cyanobacteria cultures in a 21 ± 17C environmental chamber on a 16:8 h light: dark cycle at 60 lE m22
s21 light intensity. Cyanobacteria were harvested during
the exponential phase, and densities were measured using
Chl a abundance through a spectrophotometer at 665 nm
based on methods published by Biggs and Kilroy (2000).
Microcystin-LR was used to test the effects of cyanobacteria
toxins on spawning and fertilization because it is the most
commonly produced toxin congener globally (Dawson 1998).
Microcystin-LR was purchased from Beagle Bioproducts
(Columbus, Ohio; >95% purity by high-performance liquid
chromatography) and reconstituted with acetone. An equivalent amount (3–6 mL/L) of acetone was added to the control solution to maintain any effects caused by acetone expo-
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Table 1. Summary of cyanobacterial species and isolates used in spawning and fertilization assays. MC 5 microcystin, 1ve 5 positive,
2ve 5 negative for microcystins as tested by enzyme-linked immunosorbent assay (ELISA).
Species

Isolate identiﬁer

Origin

Year
isolated

Anabaena ﬂos-aquae
Aphanizomenon ﬂos-aquae
Dolichospermum lemmermanii
Gloeotrichia echinulata

CPCC64
APHH
LE11-02
ASGV

Lake Ontario
Hamilton Harbour, Lake Ontario
Lake Erie, eastern Basin
Unknown

1984
2006
2011
n/a

G. echinulata
Lyngbya wollei

BQ11-03
LSC14

Bay of Quinte, Lake Ontario
Lake St Clair, Michigan, USA

2013
2014

Microcystis aeruginosa

UTEX LB2385

Little Rideau Lake, Ontario,
Canada

1954

M. aeruginosa
M. aeruginosa
M. aeruginosa
M. aeruginosa
Microcystis wesenbergii
Planktothrix suspensa

LEMS
BQ11-02
ZUR-HINDAK
LSC-13-02
LE13-01
1163PL1

Lake Erie
Bay of Quinte, Lake Ontario
Unknown
Lake St Clair
Lake Erie, western basin
Sandusky Bay, Lake Erie

2013
2011
n/a
2013
2013
2013

sure. All assays were run a minimum of 2 times to account
for possible differences in seasonal variation in spawning. All
cyanobacteria used had consistent effects across all assays.

Spawning assays
We tested the effects of the individual cyanobacteria
cultures and the toxin microcystin-LR in the presence of
a known spawning inducer, 5-HT serotonin, using bioassay methods outlined by Ram et al. (1993). We used serotonin to induce spawning because it is the most efﬁcacious
strategy to induce dreissenid spawning, and its use guaranteed that a sufﬁcient number of mussels spawned for each
experiment (Schwaebe et al. 2013). The use of serotonin
also ensured that any inhibitory effects from cyanobacteria
would overpower strong stimulatory cues. For all treatment assays, we simultaneously exposed individual mussels to serotonin and cyanobacteria (Table 2) by placing
them in 20-mL scintillation vials (n 5 25) with 9 mL of
cyanobacteria solution and 1 mL of 1022M serotonin for
a ﬁnal concentration of 1023M serotonin. We exposed
mussels in experimental control vials (n 5 25) to the same
concentration of serotonin in WC media to ensure that
any observed effects were not caused by the cyanobacteria
culture medium. We also tested concentrations of 5 and
20 lg/L microcystin-LR. These 2 concentrations represent a standard range of microcystin concentrations in
bloom conditions (Carmichael and Boyer 2016). Each

Notes
MC 1ve
MC 2ve
MC 2ve
Purchased from Carolina Biological
Supply Co. (Burlington, North
Carolina)
MC 2ve
Unable to culture; collected fresh for
use
MC 1ve; purchased from UTEX
Culture Collection of Algae (Austin, Texas)
MC 1ve
MC 1ve; unicellular
n/a
MC 1ve; colonial
MC 2ve
MC 1ve

microcystin-LR treatment assay consisted of individual
mussels exposed to the toxin and 1023M serotonin in solution with dechlorinated tap water (n 5 25). Experimental
controls for the microcystin-LR assay contained 1023M serotonin with an equivalent amount of acetone used to reconstitute the microcystin-LR in a solution of dechlorinated
tap water (n 5 25).
For all assays, individual vials containing mussels were
observed for 4 h after the addition of serotonin, after which
spawning was recorded as either positive or negative for
each individual mussel (binary response; Table 2). Qualitative notes were taken on the intensity of spawning, based
descriptions by Ram et al. (1993) and on the motility of
sperm. Spawning was conﬁrmed by extracting a small sample of liquid from each vial and inspecting for expelled
sperm and eggs under a microscope at 200 magniﬁcation. Nonspawning animals were dissected and sexed after
the experiment to assess whether gonads were sexually
mature. If >10% of unspawned gonads were not mature,
then the experiment was discarded and later repeated until
≥90% of mussels used in experiments were sexually viable.
If a cyanobacteria culture inhibited spawning, varying concentrations of that culture were tested to identify a threshold concentration for spawning response. Individual mussels in the control and the cyanobacteria treatment were
categorized as 1 of 2 nominal variables: successful and unsuccessful spawning. Data were sorted in contingency tables and analyzed using a Fisher’s exact test for dichoto-
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Table 2. Mean experimental concentration (as chlorophyll a) of cyanobacterial culture and results from spawning assays conducted
with cyanobacteria and microcystin-LR. Multiple results are reported for Aphanizomenon ﬂos-aquae to demonstrate that spawning is
inhibited only at high enough concentrations. p-values are from Fisher’s exact tests. Bold 5 p < 0.05.
% spawned (n 5 25)
Species and isolate
Anabaena ﬂos-aquae (CPCC64)
Aphanizomenon ﬂos-aquae (APHH)
A. ﬂos-aquae (APHH)
A. ﬂos-aquae (APHH)
A. ﬂos-aquae (APHH)
Dolichospermum lemmermanii (LE11-02)
Gloeotrichia echinulata (BQ11-03)
G. echinulata (ASGV)
Lyngbya wollei (LSC-14)
Microcystis aeruginosa (UTEX)
M. aeruginosa (LEMS)
M. aeruginosa (BQ11-02)
M. aeruginosa (ZUR-HINDAK)
M. aeruginosa (LSC-13-02)
M. wesenbergii (LE13-01)
Planktothrix suspensa (1163PL1)
Microcystin-LR
Microcystin-LR
a

Concentration (lg/L)

Treatment

Control

p

420
544
284
140
127
385
88
217
n/aa
371
445
151
211
187
380
453
5.00
20.00

64
36
20
40
52
92
76
70
63
93
96
56
52
88
84
52
70
70

71
88
80
72
68
92
76
50
87
87
88
71
80
92
80
76
60
60

0.762
!0.001
!0.001
0.045
0.387
1.000
1.000
0.187
0.072
0.671
0.609
0.377
0.072
0.667
1.00
0.140
0.741
0.741

Because of the morphology of L. wollei, which forms dense mats of benthic clusters, an absorbance reading was not produced.

mous data. All analyses were performed using R (version
3.3.1; R Project for Statistical Computing, Vienna, Austria).
Fertilization assays
We used a fertilization assay method adapted from one
used by Hardege et al. (1997) and Fong et al. (1995). We
induced 20 mussels to spawn in individual vials containing
dechlorinated tap water by methods described above. Upon
spawning, we pooled oocytes collected from >3 females
and distributed them in 24-well plates containing 1.5 mL
of cyanobacteria solution in treatment assays or WC media
for the control assays. To test effects of microcystin, we
added dechlorinated tap-water solutions containing 5 and
20 lg/L microcystin-LR to treatment wells. Control plates
contained dechlorinated tap water with an equivalent
amount of solvent used to dissolve the toxin (3–6 mL/L).
We added eggs to the treatment and control wells to
achieve a density of ∼200 oocytes/well. Next, we collected
and pooled fresh sperm from >3 mussels and distributed
the sperm to the wells containing oocytes. The sex of quagga
mussels cannot be determined without dissection of the
gonad. Thus, males and females cannot be separated before
spawning induction. Gamete release by male quagga mussels tends to precede that of the females, so to ensure the
availability of fresh, motile sperm for use in assays, we in-

duced a 2nd set of mussels to spawn after oocytes had been
collected if females did not begin spawning within 30 min
of males. Likewise, we added sperm to oocytes only if both
types of gamete were produced within 30 min of each other.
We quantiﬁed fertilization by observing mitosis of oocytes
at a magniﬁcation of 200 after exposure to spermatozoa
for ≥2 h. We chose 12 random wells from each 24-well plate
and assessed ∼100 eggs for fertilization success (n 5 12).
After oocytes were counted as either fertilized or not, percentage of fertilized oocytes per well was calculated. We rejected tests if average fertilization rates were <40% in the
control. Successful fertilization rates in controls ranged
from 40 to 75%, and the percentage of eggs successfully fertilized never reached 100%. We compared the mean proportion of fertilized eggs in the treatment and control with
an analysis of variance (ANOVA) with Tukey post hoc
tests. We used the Shapiro–Wilk test to check for normality
(W 5 0.939, p 5 0.440); no data transformations were necessary. We ran all analyses in R.
R E S U LT S
Spawning
Of the 13 cultures tested, only one, Aphanizomenon
ﬂos-aquae, signiﬁcantly inhibited spawning in quagga
mussels (Table 2), and spawning success depended on
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the concentration of A. ﬂos-aquae (Fig. 1). Aphanizomenon ﬂos-aquae did not inhibit spawning at a concentration
of 127 lg/L Chl a ( p 5 0.387). However, spawning was reduced at 140 lg/L ( p 5 0.045) and at higher concentrations of 284 and 544 lg/L ( p < 0.001). However, spawning
inhibition by A. ﬂos-aquae was not proportional to the concentration of cyanobacteria. Only 20% of mussels spawned
in the 284-lg/L treatment, but 36% spawned in the 544-lg/L
treatment. This difference can be attributed to natural variance in biological specimens, and spawning rates were
consistently below 50% in the 3 highest concentrations
of A. ﬂos-aquae. Gamete release was not affected by 5 or
20 lg/L microcystin-LR (Table 2).
Fertilization
Seven of the 13 cyanobacteria cultures tested inhibited
fertilization (6 of them signiﬁcantly): A. ﬂos-aquae (F 5
37.51, p < 0.001), Dolichospermum lemmermanii (F 5
464.5, p < 0.001), Gloeotrichia echinulata (BQ11-03; F 5
11.99, p 5 0.001), Lyngbya wollei (F 5 10.46, p 5 0.002),

Figure 1. Percentage (±SD of binomial data) of mussels that
spawned when exposed to 1 of 4 concentrations (127, 140, 284,
and 544 lg chlorophyll a/L) of Aphanizomenon ﬂos-aquae
compared to those that spawned in the WC media controls
(n 5 25). Each assay was run independently with its own control.

Microcystis aeruginosa (LEMS; F 5 96.59, p < 0.001), M.
aeruginosa (BQ11-02; F 5 102.4, p < 0.001), and M.
wesenbergii ( p 5 0.549) (Table 3, Fig. 2). Quagga mussel
sperm became immotile in these cultures and appeared
to aggregate within the cyanobacteria. The puriﬁed cyanobacteria toxin, microcystin-LR, did not affect fertilization
in assays that tested 5 or 20 lg/L concentrations (Table 3,
Fig. 2).
DISCUSSION
Several cyanobacteria species inhibited reproductive
success in quagga mussels by disrupting spawning or fertilization. These results add to the ﬁndings of Wacker and
von Elert (2003) and Sprung (1991), who concluded that
dreissenid gonad development and reproduction is inﬂuenced by the nutritional quality of phytoplankton. Furthermore, dreissenid mussel feeding can be inﬂuenced by the
quality and availability of phytoplankton, whereas the presence of cyanobacteria can decrease feeding rates and worsen
overall mussel condition (Vanderploeg et al. 2017). A direct
link between phytoplankton and broadcast spawning has
not yet been identiﬁed in dreissenid mussels, but the results
of this study indicate that the presence of cyanobacteria can
impede reproduction.
All cyanobacteria species tested are commonly found in
freshwater systems throughout the world and are capable
of producing cyanotoxins (Barker et al. 2000, McDonald
and Lehman 2013, Michalak et al. 2013). The concentrations of cyanobacteria tested in our study were within the
range of recorded bloom concentrations, including those
of surface scums. Thus, our results indicate that quagga
mussel reproduction could be impaired during a bloom
event. In a recent study based on remote sensing, investigators set the threshold for cyanobacteria blooms in the Laurentian Great Lakes at 18 lg Chl a/L, whereas cyanobacteria
blooms in Lake Taihu, China, can reach concentrations
>500 lg Chl a/L (Liu et al. 2010, Sayers et al. 2016).
We also tested environmentally relevant concentrations
of the common cyanobacteria-produced toxin, microcystinLR at 5 and 20 lg/L. However, the toxin did not affect spawning or fertilization. The World Health Organization (WHO)
sets limits for microcystins in drinking water at 1 lg/L and
recreational guidelines at 20 lg/L (WHO 2004). In a study
of the history of cyanobacteria blooms in the Laurentian
Great Lakes, investigators placed typical microcystin concentrations at a range of 0 to 20 lg/L, with severe blooms
producing >200 lg/L (Carmichael and Boyer 2016). Although interactions between quagga mussels and the naturally occurring cyanobacteria communities are complex,
little information exists regarding their dynamics.
Clonal and population variation within the same species
of cyanobacteria can produce subpopulations with distinct
genotypes. This variability leads to unpredictable interactions with other species and environmental stressors. For
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Table 3. Experimental concentration and results from fertilization assays conducted with cyanobacteria and microcystin-LR.
p-values refer to paired Student’s t-test. Bold indicates p < 0.05.
Mean % fertilized in (n 5 12)
Species and Isolate
Anabaena ﬂos-aquae (CPCC64)
Aphanizomenon ﬂos-aquae (APHH)
Dolichospermum lemmermanii (LE11-02)
Gloeotrichia echinulata (ASGV)
G. echinulata (BQ11-03)
Lyngbya wollei (LSC14)
Microcystis aeruginosa (UTEX)
M. aeruginosa (LEMS)
M. aeruginosa (BQ11-02)
M. aeruginosa (ZUR-HINDAK)
M. aeruginosa (LSC-13-02)
M. wesenbergii (LE13-01)
Planktothrix suspensa (1163PL1)
Microcystin-LR
Microcystin-LR

Concentration (lg/L)

Treatment

Control

p

417
214
192
341
331
*n/a
291
152
502
411
140
381
263
5.00
20.00

43
76
19
41
34
62
48
15
5
75
70
37
69
48
49

62
72
62
48
42
67
48
45
49
76
70
40
62
50
49

!0.001
0.528
!0.001
0.612
0.001
0.002
0.950
!0.001
!0.001
0.880
0.988
0.549
0.338
0.076
0.869

* Because of the morphology of L. wollei, which forms dense mats of benthic clusters, an absorbance reading was not produced.

example, 2 isolates of M. aeruginosa reduced fertilization
rates, but 2 other isolates did not. This result is consistent
with previous ﬁndings of intraspeciﬁc variability of effects
of cyanobacteria species on quagga mussel physiology and
behavior. For example, dreissenid mussel feeding behavior
varies when exposed to different genotypes and cell sizes of
M. aeruginosa. Dreissenids selectively ﬁlter feed some M.
aeruginosa cells and not others, regardless of microcystin
production (Vanderploeg et al. 2001, Sarnelle et al. 2012,
White and Sarnelle 2014). Other clonal species, such as
Daphnia, also experience physiological variability. Genetically distinct clones of the same Daphnia species display
varied responses to environmental stressors (Baird et al.
1990, DeMille et al. 2016). Furthermore, genotype  genotype interactions between Microcystis and Daphnia result
in an array of interspeciﬁc interactions, stemming from
clonal dissimilarities in either species (Lemaire et al.
2012). Genetic variability among clonal species from different locations may depend on the unique environmental
conditions from which they originate. Microcystis aeruginosa blooms in Lake Erie and Lake Huron, 2 hydrologically
connected lakes, possess unique genotypes and can generate varying types and concentrations of intracellular chemicals (Dyble et al. 2008). All quagga mussels used in our
study were taken from the same geographic location and
probably from the same population pool, so variable responses in fertilization probably are the result of genetic
differences in the cyanobacteria cultures rather than genotypic variation in quagga mussels.

Production of exocellular polymeric substances (EPS)
by cyanobacteria is subject to genotypic and environmental variation. This variability may explain differences in
ability of different cultures of the same cyanobacterial species to disrupt fertilization (Tourney and Ngwenya 2014).
EPS compounds are produced under environmental stress
and disturbance, and all cyanobacteria species used in our
study are capable of producing these compounds (Tourney and Ngwenya 2014). In Microcystis, EPS binds cells together to create aggregated colonial formations (Li et al.
2013, Xu et al. 2014). As cyanobacteria produce more adhesive EPS in response to environmental conditions, the
diameter of cell aggregates increases (Li et al. 2013). Thus,
the visible immobilization of sperm in the presence of cultures that inhibited fertilization could have been caused by
EPS production that physically prevented sperm from
reaching eggs. However, more studies are needed to identify the cause of fertilization inhibition by cyanobacteria in
quagga mussels.
EPS is a potential cause for fertilization disruption, but
may not explain how A. ﬂos-aquae hindered spawning in
quagga mussels. However, other primary or secondary
metabolites could be responsible. Aphanizomenon ﬂosaquae produces cyanotoxins, but we do not suspect that
this chemical caused spawning inhibition because the isolated toxin microcystin-LR did not affect spawning rates in
our laboratory studies. No information appears to be available regarding A. ﬂos-aquae and its effects on dreissenids,
but the invasive freshwater clam, Corbicula ﬂuminea, ex-
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Figure 2. Mean (±SE) % fertilization of quagga mussel oocytes in cyanobacteria and toxin solutions and controls reported
as % total eggs fertilized (n 5 12). Each fertilization assay was
completed independently, so each treatment is compared to its
own control. Treatments and controls with the same letter are
not signiﬁcantly different. Cyanobacteria labeled on the x-axis
correspond with cyanobacteria identiﬁed in Table 1. MCLR 5
microcystin-LR at the 2 concentrations tested (5 and 20 lg/L).

perienced lower growth rates when fed A. ﬂos-aquae than
when fed green algae (Basen et al. 2011). In a chronic exposure study, 2 species of Daphnia experienced higher
mortality, delayed maturation of females, and decreased fecundity and population growth rates in the presence than
in the absence of A. ﬂos-aquae (De Figueiredo et al. 2004).
How A. ﬂos-aquae inhibits quagga mussel spawning is not
known, but a kairomone could be the cause. Marine invertebrates, including bivalves, show reproductive responses
to chemicals produced by phytoplankton. Starr et al.
(1990) recognized that certain diatom species induced
sea urchins and marine mussels to spawn and were later
able to isolate and characterize the chemical substance responsible (Starr et al. 1992). If similar mechanisms exist
between cyanobacteria and dreissenid mussels, identiﬁcation of such chemicals could be useful in quagga mussel
control programs.
Our study demonstrates that some cyanobacteria reduced quagga mussel reproduction, but further research
is needed to identify speciﬁc causes and ecological consequences of this phenomenon in nature. The ecological
consequences could be signiﬁcant if blooms occur during
mussel spawning because successful reproduction may
be inhibited. In North America and Europe, dreissenid
mussels typically exhibit 2 spawning peaks, occurring in

early and late summer (Borcherding 1991, Ram et al. 1993).
The later peak can coincide with cyanobacteria blooms.
Warmer year-round temperatures and heavy rain events
driven by global climate change can increase the frequency
and size of cyanobacteria blooms and can cause blooms to
form earlier in the year (Paerl and Otten 2013). Likewise,
we have observed dreissenid mussel spawning in the Detroit
River during the last 15 y as early as March and as late as
October (Ram et al. 2011). A pattern of cyanobacteria blooms
consistently overlapping with quagga mussel spawning
could lead to prolonged effects on mussel populations that
intersect with decreased ingestion, potential intoxication,
and poorer mussel condition and production of gametes.
Dreissenid populations could experience lower recruitment
of juveniles during periods when spawning overlaps with
cyanobacteria blooms, leading to reduced population
growth rates. We have identiﬁed naturally occurring phytoplankton that inhibit spawning and reproduction in quagga
mussels, so it should be possible to isolate and characterize
the compound responsible for this effect.
A single control method has not proven effective for invasive quagga mussels so far, and thus a multistep approach
may be warranted. If cyanobacteria can limit dreissenid reproduction in freshwater environments, a chemical tool
for reducing dreissenid reproduction might be derived from
cyanobacteria that could be used in tandem with other control efforts. Integrated pest management techniques have
been applied to other nuisance and invasive species, such
as Sea Lamprey. For example, pheromones produced by
Sea Lamprey (Petromyzon marinus) have been characterized, synthesized, and are now used to lure adults into traps
for removal (Johnson et al. 2015). In recent control efforts,
synthetic Sea Lamprey pheromones that attract the animals
to traps may be used in conjunction with chemical lampricide and sterile release programs (Johnson et al. 2015,
Dawson et al. 2016). Ideally, allelochemicals isolated from
cyanobacteria for use in quagga mussel control would be
species speciﬁc, effective in low concentrations (Johnson
et al. 2015), and have short half-lives (Sorensen and Vrieze
2003). These characteristics are important in terms of management to ensure that nontarget species are unaffected and
that the chemical is not retained in the water body or sediments. A way to limit quagga mussel reproduction based
on naturally occurring cyanobacteria may slow growth of existing populations and prevent establishment of new populations in unfouled water bodies.
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